The paper presents the analysis of the geo-ecological state of groundwater within an urban territory on the example of Saint Petersburg. The paper considers two key sites, characterized by different levels of contamination of the underground environment (Primorsky and Krasnogvardeisky districts of Saint Petersburg) and provides an assessment of the main natural and man-made sources of the groundwater contamination within the territory of the selected districts. The composition of groundwater was studied in the zones with different pattern of contamination (cemeteries, liquidated landfills, industrial areas, etc.). The negative impact of the man-made sources of contamination on the state of groundwater was determined. The recommendations for arranging hydrogeological groundwater monitoring in metropolitan areas were developed.
INTRODUCTION
The current situation with urban infrastructures operation is characterized in that their geoecological state is considered very unfavorable, which is determined by the pattern and duration of the man-made impact. It is known that the assessment of the geo-ecological conditions within the territory of the Russian Federation should be carried out according to the recommendations, stipulated by the regulatory document "11-102-97 "Engineering and environmental surveys for construction", according to which it is recommended to study the contamination of cities for a period of up to 40-50 years, sometimes for a longer period of time to allocate the sites of the presently liquidated industrial enterprises, leaks from watercarrying facilities, breakthroughs of wastewater sewers, accidental emissions, the use of chemical fertilizers, etc. [4] . Moreover, the practice of studying the geo-ecological state of metropolitan areas on the example of Saint Petersburg, has proven the need to analyze their contamination not only over the past decades or from the moment of their foundation, but even earlier [5] .
MATERIALS AND METHODS
The history of developing modern Saint Petersburg exceeds 300 years and is associated with its foundation. However, numerous studies by the scientists of the Department of Hydrogeology and Engineering Geology of the St. Petersburg Mining University, supervised by prof. R.E. Dashko, revealed that even before the foundation of Saint Petersburg, more than 61 burial sites were located within its territory ( fig.1 ), [10] . In total, according to prof. R.E. Dashko, the history of developing the city area includes several stages of its contamination, taking into account the long period of the development. Thus, since before the foundation of the city, in the 12-16 th centuries, the Neva river coastal territories were used for the agricultural needs. Later, in the 17 th century, the area of the developing gradually expanded, and, accordingly, the territory contamination, associated with the foundation of the Swedish city of Nien, increased as well. During this period, the most developed areas were the eastern and southern shores of Koivisaari Island (Petrogradsky Island), the eastern part of Hirvisaari Island (Vasilyevsky Island), the northeastern part of Usadis (Admiralteysky Island) and Pervushkin (Kazansky and Spassky Islands) Islands. At the beginning of the 18 th century, the pattern of contamination already had a regional character, associated with the foundation and growth of the city. Later, the geo-ecological situation of the underground space of Saint Petersburg has undergone significant degradation with the development of the industrial production, in the absence of a water disposal system, in the presence of multiple landfills for household waste as well as buried hydrographic network facilities, and due to the impact of the existing and liquidated cemeteries [10] .
Currently, the contamination of metropolitan areas causes immense damage to the underground space, which first of all affects the color, the color of soils changes from brownish to grayish-greenish, the composition, state and physic-mechanical properties of soils and sandy-clayey soils, resulting in a decrease in their strength and an increase in compressibility [15, 20] . In addition, the unfavorable geo-ecological situation with the underground space of the metropolitan area affects the composition of groundwater, resulting in an increase in the amount of contaminating compounds (NH 4 + , petroleum hydrocarbons, chlorides, sulfates, hydrogen sulfide), an increase in mineralization, etc., their corrosive effect on structural materials increases as well; the active growth of the underground microbiota of aerobic and anaerobic groups is also intensified. Moreover, an increase in the generation of biochemical gas, the release of which is recorded within the entire large city of Saint Petersburg, is observed as well [6, 8] .
Recently, in the territory of the city, the Committee for Nature Use, Environmental Protection and Ecological Safety of Saint Petersburg introduced a complex system for monitoring the state of atmospheric air, soil, vegetation, surface and groundwater [2, 12] . Having conducted the detailed analysis of the obtained data, it was revealed that the state of groundwater is not a matter of adequate consideration. The study on the underground hydrosphere includes the following: "...the presence of water-bearing horizons; conditions of occurrence, distribution and natural Figure 1 . Schematic map of the use of the territory of the Neva river delta before St. Petersburg foundation [10] protection thereof; composition, filtration and sorption properties of soils of the aeration zone and water-bearing rocks; the presence of top water; the depth of occurrence of the first from the surface water confining stratum; the patterns of groundwater movement, conditions of their supply and discharge, the mode, the presence of a hydraulic connection between horizons and with surface waters; the chemical composition of groundwater, its contamination by harmful components and the possibility to affect the living conditions of the population..." [4] . It is worth noting that the composition of water is estimated by the content of macro-components: calcium, magnesium, sodium, potassium, bicarbonates and carbonateions, sulfate-ions, chloride-ions, as well as of dry residue, biogenic elements (nitrogen, in the form of nitrite-ions, nitrate-ions and ammonium ion), iron, dissolved gases (hydrogen sulfide and carbon dioxide); in turn, the presence of organic substances is estimated by means of indirect parameters -permanganate oxidation, sometimes by chemical oxygen demand [1] . The plan of observations in combination with a general hydrochemical research includes the determination of specific priority contaminating agents, entering groundwater (oil products, phenols, heavy metals -lead, cadmium, mercury, etc.). It is worth noting that most contaminating agents are unstable; after sampling in the field environment and before the laboratory testing, they may be completely missing (H 2 S, NH 4 + ). This phenomenon is determined by the time interval between sampling and the date of the chemical analysis of water, as well as by the difference in physicochemical and biochemical environments [5, 16] .
It should be understood that studying the hydro-chemical mode of groundwater allows assessing the changes in the intensity of the manmade impact and in the composition of the introduced components [3, 17] . The groundwater horizon, to a greater extent, serves as an indicator of specific features and pattern of the territory contamination due to the absence of an overlapping water confining stratum and to the presence of a direct connection with precipitation, leaks, surface watercourses and water bodies [9, 13] .
The ground water-bearing horizon is developed within the entire territory of Saint Petersburg, except for the areas used as enclosure structure for pits or embankments. The state of groundwater is subjected to continuous monitoring.
Currently, the regional network comprises 51 monitoring wells.
RESULTS AND DISCUSSION
In order to perform a comparative assessment of the chemical composition of groundwater, several key sites in the northern part of the city, being subjected to active developing by building modern residential houses and complexes: Primorsky and Krasnogvardeisky districts were selected as the objects of study. The sites are characterized by different environmental situation. Thus, according to the general ranking of districts, the Primorsky district is considered as one of the most favorable and uncontaminated areas with respect to the condition of soils, surface watercourses and water bodies, green zones and atmospheric air, while the Krasnogvardeisky district, on the contrary, is considered as a highly contaminated area.
The Primorsky district is located in the northwestern part of Saint Petersburg, with an area of more than 109 km 2 . The district takes a leading position as to environmental position compared to other districts of the city. Green zones occupy more than 25% of the district territory. The district includes a large area of special conservation interest -Yuntolovsky regional nature reserve with an area of 7.1 km 2 , Udelny Park -1.5 km 2 , Park of the 300 th Anniversary of Saint Petersburg -0.56 km 2 , as well as many other green zones.
For the purposes of the study of groundwater composition, the data, obtained from 12 engineering-geological wells in various zones of the Primorsky district, showed that the water-bearing horizon of groundwater, herein presented everywhere, is confined to sandy, sand and sand-gravel varieties, as well as to peat and man-made deposits. The composition and physicochemical conditions of groundwater are formed not only due to the atmospheric precipitation and the presence of buried and active swamps, but also due to the man-made factors: leaks from water disposal systems, infiltration of the liquid phase of the waste from landfills and cemeteries, as well as industrial wastes of enterprises with wet process conditions, etc. (Fig. 2) . It is worth noting that the stagnant ground-water conditions are determined by the presence of impermeable structures of embankments, rivers and canals, which are considered potential areas of groundwater draining.
Within the district territory, the groundwater outside the zones of the man-made impact has a sodium bicarbonate composition with a mineralization of 0.1-0.5 g/dm 3 (fresh). The pH varies from 7 to 7.5; however, in the areas of swamps frequently does not exceed 6.8. It is worth noting that within the developed part of the district, due to intensive contamination, the mineralization value can reach 3 g/dm 3 . Moreover, active contamination by organic compounds results to the formation of reducing conditions (Eh<0 mV), which facilitate the migration of heavy metals, as well as the accumulation of toxic substances [6, 18] .
It is interesting to note that although the district as a whole is considered the most favorable in terms of the environmental situation, the results of the chemical analysis of groundwater allows to reveal the presence and significant content of the main contaminating agents, the maximum concentrations of which were recorded in the areas adjacent to the industrial zones and sites containing landfill masses (Table 1, Fig. 2) [5, 14] . They are characterized by high content of chlorine ions, sulfate-ions and ammonium ions, as well as permanganate oxidation.
In the area of the reclaimed landfill, the groundwater also is characterized by a high content of sulfates, which can also be a product of the activity of sulfate-reducing bacteria [11, 19] . According to the studies by prof. Dashko R.E., the sulfates under anaerobic conditions of Saint Petersburg are reduced to hydrogen sulfide, which facilitates the aquatic acidification and increases its aggressiveness relative to structural materials. In addition, a significant content of permanganate oxidation, as an indicator of the presence of easily oxidized organic substances, is contained in the water samples, taken from the area of contaminated sites. It is worth noting that the low content of ammonium ion within the forest-park zone may be associated with the local placement of landfills.
The Krasnogvardeisky district, located in the northeastern part of Saint Petersburg, with an area of 58 km 2 , was chosen as the second key site. The district is considered one of the most contaminated in the city. The green zones here account for less than 11%. The district territory comprises Polyustrovsky Park, with an area of 0.4 km 2 , Park Malinovka -0.14 km 2 , etc. The chemical composition of groundwater in the pressure-free horizon in the Krasnogvardeisky district was studied by 10 wells. The most important results of the study are presented in Table 2 .
The water-bearing horizon of groundwater, as well as within the Primorsky district, is developed everywhere and is confined to sandy-loam and sandy varieties, as well as biogenic, man-made and marine deposits. The depths of water opening are ranged from 0.5 to 2.0 m. The groundwater supply is carried out due to atmospheric precipitation infiltration, leaks from the water-carrying facilities (water conduits, pressure collectors, sewage pipes) or direct hydraulic connection with the polluted Okhta river (Fig. 3 ). The groundwater of the Krasnogvardeisky district is characterized by a mixed composition, varying from chloride-bicarbonate sodium-magnesium to sulfate calcium-sodium or sulfate magnesium-calcium due to the intensive contamination of the territory, caused by the wide spreading of industrial zones, existing and liquidated landfills. The pH value varies from 7 to 7.6; in the areas of swamp deposits it does not exceed 6.7. Due to the intensity of contamination, the value of mineralization can increase to 3.5 g/dm 3 .
In the considered sites 1 and 2, water has a dark-brown color and technical smell, is characterized by high hardness (14.2-35 .0) due to the significant content of alkaline-earth elements: calcium ions -from 80.2 to 274.5 mg/dm 3 , magnesium ions -from 18.2 to 88.2 mg/dm 3 . The infiltration of Ca 2+ and Mg 2+ ions into groundwater may be caused by the fact that aggressive waters facilitate the intensive destruction of fragments of structural materials, pulp present in industrial soils, as well as materials of foundations, preexisting buildings and industrial waste landfills.
Groundwater contamination may also be associated with the increased concentrations of alkaline elements (K + + Na + ), which vary within the range from 146.2 to 225.8 mg/dm 3 . The ions of alkaline elements are present in pulp-and-paper, varnish-and-paint, chemical industries, the plants of which are located along the banks of the Okhta river and annually discharge their wastewater therein, containing high concentrations of sodium. Mineralization varies within a wide range from 1053.7 to 1704.4 mg/dm 3 . It is worth noting that in some samples, the value of dry residue, obtained with the direct method, slightly exceeded the value of mineralization, which may indicate the presence of volatile organic compounds therein. In order to make the final conclusion on the presence of organic components in water samples and its impact on the composition, direct Note: I -forest park zone; II -undeveloped territory near the landfill; III -construction site; IV -industrial zone, V -landfill site after liquidation (the landfill existed for more than 25 years); VI -residential estates in the areas of preexisting swamps; VII -site near the cemetery, VIII -alluvial territory distributions of its content by values of COD and BOD 5 are required. The underground water of site 1 also contains an increased amount of sulfates, reaching 468.3-560.5 mg/dm 3 , the presence of which in some cases may be associated with the discharge of industrial wastewater and household waste into the Okhta river, flowing 125-130 m from the construction site. The groundwater of site 2 also contains a significant content of chlorine ion, the values of which vary from 215.6 to 244.7 mg/dm 3 . Infiltration of sulfates and chlorides can take place due to constant leaks from the old sewage system, the replacement of which, within the district territory, is supposed to be implemented before 2025. As a rule, the sewage drain composition corresponds to the following composition ( Table 3 , Dashko R.E. 2010).
The groundwater of site 1 contains a high content of ammonium ion, reaching 15.6 mg/dm 3 , which can enter from an imperfect sewage network or buried dumps, located near the sampling site. It is known that the radius of landfill influence reaches 1 km, sometimes even more. A significant amount of permanganate oxidation was recorded (16.4-41.0 mgO 2 /dm 3 ), confirming the presence of easily oxidized organic substances. High permanganate oxidation values result in a shift in the oxidation-reduction potential (Eh) to negative values, which determines the formation of anaerobic conditions in the underground environment. The increased value of free carbon dioxide in groundwater of site 1 in the amount of 92.4-132.0 mg/dm 3 witnesses in favor of active microbial activity, since carbon dioxide in water is a respiratory product of microorganisms.
Thus, the study of the component composition of groundwater revealed that -irrespective of the ecological state of the district -groundwater is characterized as highly contaminated.
CONCLUSIONS
In this regard, the assessment of the geoecological state of groundwater in megalopolises under the conditions of intense pollution of the underground environment should include the following 1. The groundwater within the territories of metropolitan areas with a long period of their development is characterized as highly contaminated, which is determined by the duration and pattern of their contamination (landfills, cemeteries, swamp deposits, etc.).
The contamination of groundwater occurs due
to the influence of the natural and man-made sources and facilitates the transformation of the composition of groundwater, resulting in an increase in their aggressiveness relative to structural materials of foundations and supporting structures of underground facilities. 3. It is necessary to introduce the studies on the chemical analysis of groundwater in the practice of geo-ecological research, using an extended set of components with a mandatory study of the organic content by values of COD and BOD 5 . In addition, it is important to perform a chemical analysis of water in the first hours to obtain reliable data on its composition.
4. It is necessary to improve the existing system for monitoring the state of groundwater, which should include: 1) the study of changes in the hydro-chemical mode and level of groundwater in terms of their impact on the stability of buildings and aggressiveness relative to materials of underground structures; 2) assessment of the state of the aeration zone and the accumulation of contaminating agents therein; 3) monitoring the formation of banked-up water level in the zones of possible leaks from water disposal systems and, accordingly, the changes in the chemical composition of groundwater; 4) assessment of the impact of floods on the self-purification processes of the aeration zone, groundwater and its dynamics.
